Experimental results on all-optical monitoring of the nonlinear motion of a surface-breaking crack are reported. Crack closing is induced by quasi-continuous laser heating, while Rayleigh surface acoustic pulses and bulk longitudinal surface skimming pulses are also generated and detected by lasers. By exploiting the strong dependence of the acoustic pulses reflection and transmission efficiency on the state -open or closed -of the contacts between the crack faces, the parametric modulation of ultrasonic pulses is achieved. It is observed that bulk acoustic waves, skimming along the surface can be more sensitive to crack motion than Rayleigh surface waves. It has been found that crack closure by thermo-elastic stresses modifies the propagation paths of the acoustic rays from the point source to the point receiver. Consequently, the arrival times of the acoustic waves contain information on the state of crack closure induced by a particular intensity of laser heating. A dependence of the detected signals on the initial width/state of the crack and on the presence of necks in the crack opening profile is revealed. The mode conversion of the skimming longitudinal bulk waves incident on the crack into Rayleigh waves is found very sensitive to imperfectness of crack closure.
PRINCIPLE OF THE ALL-OPTICAL PROBING OF A THERMALLY STRESSED CRACK BY ACOUSTIC WAVES PROPAGATING ALONG THE SURFACE
In several previous studies, it has been demonstrated that all optical probing of crack breathing [1, 2, 3, 4] can be achieved through a nonlinear frequency-mixing process between a lasergenerated thermo-elastic stress at a few Hz frequency and a higher frequency laser-generated acoustic wave at several kHz. It has been shown that it is mainly the opto-thermo-acoustic generation process at the crack which is at the origin of the nonlinear frequency-mixing. In such experiment, the two laser beams generating the thermo-elastic stress and the acoustic wave are independently modulated in order to avoid any frequency-mixing before the generation process. During a spatial scan of the generation spots over the surface of a cracked sample, the monitoring of the nonlinearly mixed frequency components provides a much better spatial resolution and sensitivity for the crack imaging than the monitoring of the frequency components present in the light modulation spectrum. Moreover, it is possible to achieve a quantitative probing of the cracks by changing the thermo-elastic stress magnitude (by changing the power of the laser generating this low frequency stress, different levels of crack breathing are reached).
Here we focus on acoustic waves propagating along the surface of a sample and interacting with a surface breaking crack [5, 6] . Unlike the frequency mixing process described above, involving initially two monochromatic waves, we deal here with wide band acoustic waves (the pulse duration is typically of several nanoseconds). It is technically more complicated to observe the modulation of short pulses by a monochromatic wave. Consequently, the thermal stress able to modify the crack properties is here static and is produced by a CW laser heating. The amplitude of this thermal stress can be tuned by changing the power of the CW heating laser focused on the crack. The pulsed waves propagating along the surface then interact with a crack which can be put in different quasi-static configurations, depending on the applied quasi-static thermal stress.
EXPERIMENTAL CONFIGURATIONS AND SAMPLES
Two experimental configurations have been used and are represented schematically in Fig. 1 .
In the reflection geometry we analyze the wave reflection by the crack and in the transmission geometry we analyze the transmission through the crack. A solid-state laser with pulse duration of 750 ps, pulse repetition rate of 1 kHz at wavelength of 1064 nm is used for the generation of the acoustic waves. In a first experiment the laser beam is focused on the sample surface into a line of length of 200 μm and width 10 μm. In a second experiment the laser spot is a disc of diameter ∼ 10 μm. For the detection of the acoustic waves, we make use of the beam deflection technique with a continuous laser at wavelength of 532 nm. The diameter of the probe (detection) beam on the surface of the sample is approximately 10 μm. The distance between the pump and the probe beams is fixed at d = 422 μm for the line source experiment. The CW heating laser which is here to close progressively the crack is from a 800 nm wavelength diode laser focused on the crack within a spot radius of ∼ 80 μm. The optical power of the heating laser is varied in the range 0 -0.28 W. The sample used in this experiment is a 50 mm x 25 mm x 3 mm glass plate strongly absorbing the light. The optical penetration depth at 800 nm is ∼ 300 μm. We prepared, with a thermal shock, a straight breaking crack of 10 mm long. The growth direction of the crack is nearly normal to the edge of the sample, and the crack almost vertically crosses the plate thickness.
EXPERIMENTAL RESULTS FOR LINE SOURCES AND POINT SOURCES
The first experiment is carried out by detecting the waves reflected by the crack. The crack and the heating spot are on the right side of the pump spot, and the distance between the crack and the pump spot is approximately s = 85 μm, as it is illustrated in Fig. 1(a) . For the second experiment, the crack and the heating spot are moved to the region between the pump and the probe spots, as shown in Fig. 1(b) , and we detect in this case the waves transmitted through the crack. The heating, pump, and probe spots do not overlap.
Line source
The results of these two experiments for a line source are shown in Fig. 2 and Fig. 3 . Different contributions to the detected signals can be identified through the known values of the velocities and distances. In Fig. 2 , for the reflection configuration, the direct surface skimming longitudinal wave (noted L), is followed in time by the surface skimming longitudinal wave reflected by the crack (rL), then by the direct surface Rayleigh wave (R), the Rayleigh wave mode-converted by the crack from the skimming longitudinal wave (rR-L), and the latest clearly detectable signal is the surface Rayleigh pulse reflected by the crack (rR). The described signals are identified through the comparison of the experimentally measured arrival times with the corresponding theoretical predictions. The most striking observation in Fig. 2 is the continuous decrease in the peak-to-peak amplitude of the reflected Rayleigh pulse up to the maximum applied heating power of 280 mW, while there is a continuous fall in the amplitudes of the reflected longitudinal and of the modeconverted pulses which saturate above the heating power of ∼ 170 mW.
Peculiar effects are also observed for the transmitted signals as a function of the increasing heating laser power in Fig. 3 . In this case, the detected signal is composed of the following contributions: a transmitted longitudinal skimming wave (tL), a transmitted Rayleigh wave modeconverted by the crack from the skimming longitudinal wave (tR-L) and a surface Rayleigh pulse transmitted through the crack (tR). The results presented in Fig. 3 , similar to those of demonstrate that modifications of the acoustic velocities and of the propagation length due to the laser-induced temperature increase in the bulk of the material can be neglected. The most important experimental observation in the transmission configuration is the continuous increase of the transmitted Rayleigh pulse peak-to-peak amplitude up to the maximum applied heating power of 280 mW, while slow and then abrupt changes in the amplitudes of the transmitted longitudinal and of the mode-converted pulses saturate for heating powers above 170 mW.
These results are consistent with a continuous closing of the crack, initially partially open. Except for the converted modes from longitudinal to Rayleigh wave, all the contributions tend to exhibit an increased transmission and a decreased reflexion with an increase in heating laser power : the crack tends to be better closed with heating power increase. In general, the closing of the crack has the tendency to decrease the amplitude of the converted waves by the crack. The associated threshold effects can be used to monitor the crack closing phenomenon.
Point source
In the case of a point source (laser spot of diameter 10 μm), the results could in some cases show different behaviors. An example is given in Fig. 4 for a transmission configuration. In the absence of laser heating on the crack, the transmitted signal is at the noise level, for a probing performed at a location where the crack is initially well open (h 0.5 mm).
Several observations can be done when the heating laser power is increased. First, the transmitted signals start to increase in amplitude only at heating powers exceeding a threshold of 90 mW. Second, the arrival times of the detected transmitted signals (tL, tR, and tR-L) depend on the heating laser power, which was not observed previously, at other crack locations or for a line source. These arrival times continuously and significantly diminish with increasing heating power, up to a threshold of 130-180 mW. Third, the amplitude of the Rayleigh wave modeconverted from the longitudinal wave grows with increasing heating power in contradiction with what is observed in the top of Fig. 4for h 3.25 mm. A possible explanation for these observations of decrease in the arrival times, comes from the fact that there exists crack narrowing (necks between the crack faces and near the sample surface). Atomic force microscopic measurements have confirmed their existence. Consider a neck in the region heated by the pump laser, not on the straight line connecting the points of ultrasound generation and detection. By increasing the heating power, the first contacts between the crack faces, which could efficiently transfer the ultrasounds, appear in the neck and not in the center of the heating laser spot (see Fig. 5 ). The length of the ray path, passing through the neck, is longer than the shortest distances between the generation and detection points. Further increase of the heating laser power could initiate a partial closing of the crack, i.e., the formation of contacts between the crack faces, at distances which are closer and closer from the path of the direct acoustic ray. This leads to diminishing of the arrival times of the transmitted signals with increasing heating power until at some threshold power the crack in the direction of the straight ray is partially closed. The increase of heating power above this threshold does not influence the signals arrival times anymore.
CONCLUSIONS
In conclusions, the results reported here show that it is possible to monitor all-optically the surface crack closing caused by a quasi-static thermal stress, from the behavior of ultrasonic waves propagating along the surface (the skimming longitudinal and Rayleigh waves). Different observed behaviors have been described here for the different contributions to the total signal. Effects related to amplitude changes or arrival time changes have been observed and can both contribute to the qualitative and potentially quantitative local characterization of a crack. Informations from the Rayleigh waves, the longitudinal skimming bulk waves and the converted waves between these two modes, have demonstrated sensitivities to the crack properties.
The future tests and applications of this class of methods could concern the delamination probing in composites, layer adhesion probing in microstructures, or the crack detection and characterization in MEMS.
